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Abstract 
Cadmium telluride (CdTe) thin films have been electrodeposited (ED) on glass/fluorine-
doped tin oxide (FTO) substrates using a simplified two-electrode system in acidic and 
aqueous solution containing Cd(NO3)2.4H2O and TeO2. X-ray diffraction (XRD), Optical 
absorption, Photoelectrochemical (PEC) cell measurements, Scanning electron microscopy 
(SEM) and Transmission electron microscopy (TEM) have been carried out to study the 
structural, optical, electrical and morphological properties of the CdTe layers respectively. 
The XRD study shows that the ED-CdTe layers are polycrystalline with cubic crystal 
structure. Results obtained from optical absorption reveal that the bandgaps of as-deposited 
and CdCl2-treated CdTe layers are in the ranges ∼1.50 to ∼1.54 eV and ∼1.46 to ∼1.51 eV 
respectively. Observation from PEC measurements indicates p-, i- and n-type electrical 
conductivity for as-deposited CdTe layers grown in the cathodic voltage range (1247-1258) 
mV. The SEM images indicate noticeable change in CdTe grain sizes from ∼85 to ∼430 nm 
after CdCl2-treatment with uniform surface coverage of the glass/FTO substrate. TEM images 
show the columnar growth structure for as-deposited and CdCl2-treated CdTe layers. TEM 
images also indicate an increase in grain diameter from ∼50 to ∼200 nm after CdCl2-
treatment.    
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1.0  Introduction 
For several decades, enormous attention has been focused on the development of thin film 
semiconductors using inorganic binary compounds in order to develop low-cost and high 
efficiency photovoltaic thin-film solar panels. CdTe has been recognized as a suitable 
candidate and promising material among the group II-VI compounds to convert light into 
electricity due to its near-ideal direct energy band gap and high optical absorption coefficient 
[1, 2]. Various techniques have been used to grow CdTe thin films. These include close-space 
sublimation (CSS) [3], screen printing [4], sputtering [5], spray pyrolysis [6], vacuum 
evaporation [7] and electrodeposition (ED) [8, 9]. All these techniques have their own merits, 
however, electrodeposition using aqueous solution is considered to be a low-cost and energy-
efficient method. In addition, simplicity, scalability and proven manufacturability are some 
further advantages of electrodeposition technique for manufacturing CdTe based solar panels 
[10-13]. 
It is well known that the conventional method used for the cathodic electrodeposition of 
CdTe thin films is the 3-electrode system which consists of a working electrode (cathode), a 
counter electrode (anode) and a reference electrode [14]. The need for reference electrode in 
3-electrode system is due to the change of electrolyte concentration during growth process. 
For this reason the cathodic voltage is recorded with respect to the reference electrode. 
However, it should be taken into consideration that reference electrodes such as Ag/AgCl and 
saturated calomel, contain Ag+ and K+ which contaminate the electrolyte by acting as 
detrimental impurity for devices [15, 16]. These impurity ions can leak into the deposition 
electrolyte and drastically reduce the efficiency of fabricated solar cells based on CdTe. For 
this reason, in this work, simplified 2-electrode system is used instead of conventional 3-
electrode system. There are various reports on the electrodeposition of thin film 
semiconductors using 2-electrode system which shows the reliability and applicability of this 
technique for fabrication of high quality thin film solar cells [17-21].    
CdTe layers are usually grown using CdSO4 as the precursor for Cd ions. This paper presents 
the cathodic electrodeposition of CdTe thin films from acidic and aqueous solution using 
Cd(NO3)2 as the precursor for Cd ions. The reports are scarce report on the electrodeposition 
of CdTe history, using nitrate precursor [22]. Therefore, this paper presents a comprehensive 
report on CdTe layers grown by 2-electrode system, using nitrate precursor in order to 
investigate its suitability for use in electronic devices. 
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2.0  Experimental Details 
The initial Cd-precursor was prepared by dissolving 1.0M Cd(NO3)2.4H2O of 99.0% purity in 
800 ml of deionized water. Then, the prepared solution was electro-purified by applying a 
cathodic potential just below the required potential for reduction of Cd2+ for ~100 hours. The 
initial Te-precursor was prepared by adding 2 grams of 99.999% (5N) TeO2 powder into 
dilute nitric acid (HNO3) and continuously stirring for 24 hours. Thereafter, about 1 ml of 
prepared TeO2 solution was added into 800 ml aqueous solution containing purified 1.0M 
Cd(NO3)2.4H2O. The pH of the resulting deposition electrolyte was adjusted to 2.00 ± 0.02 
using either nitric acid or ammonium hydroxide (NH4OH) at room temperature. Both 
Cd(NO3)2.4H2O and TeO2 used in the deposition electrolyte were purchased from            
Sigma Aldrich. The substrates used for electro-purification and electrodeposition were TEC-7 
glass/FTO (fluorine-doped tin oxide) with sheet resistance of ~7 Ω/□ and purchased from Sigma 
Aldrich. Prior to electrodeposition, the glass/FTO substrates were cut into small pieces with 
dimensions of 2×2 cm2 and washed for 15 minutes in an ultrasonic bath containing soap 
solution followed by rinsing with deionised water. Subsequently, the glass/FTO substrates 
were cleaned with methanol and rinsed with deionized water followed by a similar cleaning 
with acetone and deionized water. Samples were finally dried using stream of nitrogen gas. 
An insulating polytetrafluoroethylene (PTFE) tape was used to attach the glass/FTO substrate 
to a high-purity graphite rod which serves as the working electrode (cathode). Another high-
purity graphite rod was used as the counter electrode (anode). The temperature of the 
electrolyte solution was maintained at ~85oC with continuous moderate stirring during 
deposition using magnetic stirrer. The source of electrical power used for 2-electrode system 
was a computerised GillAC potentiostat (ACM instruments). Cyclic voltammetry was carried 
out to identify the approximate range of deposition potentials for CdTe at ~85oC. The ED-
CdTe layers were characterised using X-ray diffraction (XRD), Scanning electron microscopy 
(SEM) and Transmission electron microscopy (TEM) to study their structural and 
morphological properties. The electrical and optical properties of the ED-layers were 
characterised using photoelectrochemical (PEC) cell measurements and optical absorption. 
For PEC measurements, glass/FTO/CdTe and high purity graphite electrode were immersed 
in an electrolyte solution containing 0.1M Na2S2O3 to form a solid/liquid junction and the 
voltage across this solid/liquid interface was measured using a digital voltmeter. The voltages 
were recorded under dark and illuminated conditions, and the difference between these two 
voltages represents the PEC signal. 
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3.0  Results and Discussion 
3.1  Cyclic Voltammogram 
Cyclic voltammograms were recorded for three separate deposition electrolytes at ~85oC in 
order to study the deposition mechanism of Cd and Te to form CdTe. The first electrolyte 
contained 1 ml of TeO2 solution diluted in 800 ml of deionised water. The second electrolyte 
contained 1.0M Cd(NO3)2.4H2O in 800 ml of deionised water and the third electrolyte 
contained a combination of above two solutions in 800 ml of deionised water. The respective 
voltammograms are shown in figures 1, 2 and 3. For all three separate solutions, the same 
deposition conditions were used prior to recording of the voltammograms. The pH of each 
solution was adjusted to 2.00 ± 0.02, the temperature was maintained at ~85oC and cyclic 
voltammograms were recorded at a sweep rate of 3 mVs-1 in the cathodic voltage ranges of 
(0-2000) mV in each case.  
As shown in Fig. 1, during the forward cycle, as the cathodic potential is increased, the 
deposition of Te takes place from the TeO2 solution. The enlargement of point A (inset) 
shows that Te deposition starts from 196 mV according to the following electro-chemical 
reaction: 
        HTeO2+ + 3H+ + 4e- → Te + 2H2O                                                                              (1) 
With gradual increase in cathodic potential the cathodic current also increases through the 
electrolyte. This indicates that more energy is available for Te to be deposited on the cathode 
surface. Noticeable increase in cathodic current at the hump 1 of the forward cycle indicates 
the occurrence of second electro-chemical reaction at cathodic potential of ~990 mV as 
follow: 
  Te + 2e- → Te2-                                                                                                           (2) 
This reaction at higher voltages leads to dissolution of Te from the cathode forming H2Te. 
Therefore, at the higher voltages deposition of Te layers can reach a saturation point without 
increasing the thickness of Te layer. 
 
Fig. 1. A typical cyclic voltammogram of 800 ml deposition electrolyte containing 1 ml TeO2 solution. 
Note that for deposition electrolytes the pH was adjusted to 2.00 ± 0.02 at room temperature, and 
deposition temperature was kept at ~85oC.  The insets are expansions of the points labelled A, B. 
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Cathodic current remains approximately steady between ~1000 to ~1400 mV. Beyond ~1400 mV, rapid increase in cathodic current represents the occurrence of hydrogen 
evolution or electrolysis of water as it is well known that the minimum standard potential 
required for electrolysis of water is about 1.23 V [23]. The current peaks with varying height 
show formation of H2 bubbles on the cathode and subsequent release from the surface. 
In the reverse cycle, when the cathodic potential decreases, the dissolution rate of Te 
increases in addition to deposition of Te. The appearance of anodic peak 1 at ~791 mV and 
anodic peak 2 at ~292 mV respectively represent the dissolution of elemental Te and Te 
bonded to the FTO-surface. The electro-chemical reaction for anodic peak 2 can be written 
as:  
        Te + 2H2O→ HTeO2++3H++ 4e-                                                                              (3) 
A similar scenario can be seen in Fig. 2 for Cd(NO3)2 solution. As the cathodic potential 
starts to increase in forward cycle, the Cd2+ discharges depositing Cd on the cathode. The 
discharge rate of Cd2+ on the cathode surface increases towards higher cathodic potentials 
and appears as small hump 2 at ~1000 mV which represent the following chemical reaction: 
        Cd2++ 2e-→ Cd                                                                                                             (4) 
In the reverse cycle, with decrease in cathodic potential the dissolution rate of Cd also 
increases. The dissolution rate is small at peak 3 (~1395 mV) and reaches its maximum value 
at peak 4 (~1271 mV). Peak 3 and peak 4 respectively represent the dissolution of elemental 
Cd and Cd bonded to the FTO-surface. The electro-chemical reaction for anodic peak 3 can 
be written as follows: 
        Cd → Cd2++ 2e-                                                                                                       (5) 
 
Fig. 2. A typical cyclic voltammogram of 800 ml deposition electrolyte containing 1.0M 
Cd(NO3)2.4H2O. Note that for deposition electrolytes the pH was adjusted to 2.00 ± 0.02 at room 
temperature, and deposition temperature was kept at ~85oC.  The inset is the expansion of the area 
labelled C. 
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By comparison between figures 1 and 2, and referring to the standard reduction potential 
table, Te with Eo = +593 mV is a more noble chalcogen and has a more positive reduction 
potential in comparison to Cd with Eo = -403 mV (EoTe > EoCd) [24], and hence, Te will be 
deposited first on the substrate as shown in Eq.1. The quantity Eo here represents the standard 
reduction potential for any element versus saturated hydrogen electrode (SHE) as given in the 
Nernst equation.  
Fig. 3 shows the voltammogram recorded for the combined solution containing both 
Cd(NO3)2. 4H2O and 1 ml of TeO2. In this case, point D in Fig. 3 indicates that the deposition 
of Te on the cathode starts at 147 mV. As the cathodic potential increases gradually, at ~1100 mV hump 3 appears. Here, hump 3 represents the deposition of Cd on the cathode 
which previously was shown in Eq. (4). The cathodic current remains steady between ~1200 
to ~1400 mV. Thus, the co-deposition of CdTe thin film is taking place in this voltage range 
which agrees with experimental observation. At cathodic potentials more than ~1400 mV, 
cathodic current increases rapidly which can be either due to Cd dendrites formation or the 
generation of hydrogen gas (electrolysis of water). Although the generation of hydrogen gas 
at the cathode surface can be helpful in passivating defects, it can reduce the adhesion of 
CdTe layers to the glass/FTO substrate [13]. The overall reduction reaction for formation of 
CdTe thin film can be obtained from combination of Eq. (1) and Eq. (4) as follows: 
            HTeO2+ + Cd2+ + 3H+ + 6e- → CdTe + 2H2O                                                          (6) 
In the reverse cycle of Fig. 3, with the decrease in cathodic potentials, zero current was 
observed at ~833 mV (point E). At point (E), the rate of deposition and dissolution are equal. 
After point E, the dissolution rate reaches to its maximum values at anodic peak 5 (~633 
mV) and anodic peak 6 (~326 mV). The two anodic peaks 5 and 6 respectively represent the 
dissolution of elemental Cd and Cd bonded to the CdTe layer, and finally Te from the 
cathode. 
 
Fig. 3. A typical cyclic voltammogram for electrolyte containing the combination of 1.0M 
Cd(NO3)2.4H2O  and 1 ml TeO2. Note that for deposition electrolytes the pH was adjusted to 2.00 ± 0.02 
at room temperature, and deposition temperature was kept at ~85oC.  In each case, the insets are 
expansions of the points labelled D and E. 
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By comparison between figures 1, 2 and 3, it can be shown that in Fig. 3 the anodic peaks and 
cathodic humps of the CdTe voltammogram shift toward the more positive reduction 
potential values in comparison to those of Cd and Te alone. This indicates that the heat of 
formation of CdTe is released easing the formation of CdTe. In the electrodeposition of CdTe 
thin film it is important to maintain the deposition of CdTe thin films close to stoichiometry. 
For this reason, usually the concentration of Cd2+ ions is kept higher than that of the 
chalcogen, Te [14]. In this work, the aim in using low pH value is to prevent the formation of 
cadmium hydroxide phases and to increase the solubility of Te in the deposition electrolyte. 
3.2  Photoelectrochemical (PEC) cell Analysis 
PEC measurements were carried out to determine the electrical conductivity types of ED-
CdTe layers. This method relies on the potential barrier formation at the solid/liquid interface 
between CdTe and a suitable electrolyte by immersing glass/FTO/CdTe into the electrolyte 
solution containing 0.1M Na2S2O3. In PEC cell, the difference between the voltages under 
dark and illumination conditions represents the PEC signal or the open circuit voltage of the 
solid/liquid junction. Depending on the conductivity type of the CdTe layers, the band 
bending in the solid/liquid interface is different and electrons can move away or towards the 
solid/liquid interface. The sign of the PEC signal indicates the electrical conductivity type of 
the CdTe layers provided the PEC system is properly calibrated using semiconductors with 
known conductivity types. When the PEC signal is positive in the PEC system used, the 
electrical conductivity is p-type, otherwise, negative PEC signal indicates n-type electrical 
conductivity. Both metals and insulators show zero PEC signal due to the very narrow 
depletion region in the case of metals and very wide depletion region in the case of insulators. 
In addition, zero PEC signal can represent an intrinsic semiconductor. The magnitude of the 
PEC signal gives some qualitative information about doping density and strength of the 
depletion region [13]. In electrodeposition technique, due to deposition of CdTe layers on 
conducting glass/FTO substrate, it is not possible to use the more comprehensive 
conductivity type measurements such as Hall Effect due to underlying conducting FTO layer. 
For this reason, simple PEC cell was used to determine the electrical conductivity type of 
electrodeposited layers.  
 
In this work PEC measurements were carried out on CdTe layers grown at cathodic potential 
ranges of 1200 to 1600 mV in order to identify the Te-rich, stoichiometric and Cd-rich CdTe 
growth voltages. For this reason CdTe layers were grown on glass/FTO substrate for a period 
of two hours. Each glass/FTO/CdTe was divided into two parts; first part remains as-
deposited and the second part annealed at 390oC with CdCl2 for 10 minutes in air, and the 
results are presented in Tables 1, 2 and figures 4a and 4b. Experimental observation reveals 
two deposition regions for as-deposited CdTe thin films. The first region reveals the Te-rich 
region starting from 1200 to 1252 mV with positive PEC signals. In this region, because the 
CdTe layers are rich in Te, the expected electrical conduction type is p-type as 
experimentally observed. The values of the positive PEC signals gradually reduce from 
Vg=1200 mV toward 1252 mV. At the cathodic potential of 1253 mV zero PEC signal was 
observed which represents the stoichiometric point (see figures 4a and 4b). The second region 
shows the Cd-rich region starting from 1254 to ~1600 mV with negative PEC signal. Since 
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the CdTe layers are rich in Cd, the expected electrical conduction type is n-type. In this 
region from 1254 to ~1450 mV the value of negative PEC signal increases. After ~1450 mV, 
negative PEC signal reduces due to n+ doping as a result of higher amounts of metallic Cd 
incorporated in the CdTe layer (see Fig. 4a). This is one of the strengths of electrodeposition 
technique which shows that by simply changing the growth voltage, p-, i- and n-type CdTe 
can be grown without addition of external impurities [12]. Doping in this case is by changing 
the composition of the semiconductor elements in ppm level.  
 
Table 1: PEC signals of as-deposited and CdCl2-treated CdTe samples grown at cathodic 
potentials from 1200 to 1600 mV.  
Cathodic Potential 
(mV) 
 
 
 
PEC Signal 
(mV) 
 
  As-deposited CdCl2- treated     
1200  +75 +31 
1225  +55 +22 
1235  +54 +31 
1275  -90 +41 
1300  -102 -82 
1350  -83 +13 
1375  -94 +31 
1400  -138 -14 
1425  -148 -61 
1450  -194 -114 
1510  -51 -7 
1520  -13 +20 
1530  -73 -52 
1540  -122 -35 
1550  -56 +68 
1570  -102 +32 
1580  -10 +38 
1590  -49 -21 
1600  -97 -11 
 
 
The results shown in Fig. 4b clearly show that when CdTe is Te-rich and p-type, the layers 
move towards n-CdTe when heat-treated with CdCl2. Therefore, the Cd-deficiency must play 
an important role in this change of doping concentration. When the layers are grown close to 
the inversion voltage (Vi), the type conversion can go in either direction; n towards p or p 
towards n depending on the initial and final defects distributions [25, 26]. In this particular 
set of samples i-layer has become n-type after CdCl2-treatment. When initial CdTe layers are 
Cd-rich, and n-type, CdCl2-treatment changes the doping concentration to make the layers 
move towards p-type conduction. Therefore, the Te-deficiency must play an important role in 
this change of doping concentration. These results therefore reveal that the change from one 
conductivity type towards another, after CdCl2-treatment, depends on the material’s initial 
electrical conduction type, heat-treatment temperature and duration of annealing. 
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Table 2: PEC signals of as-deposited and CdCl2-treated CdTe samples grown at cathodic 
potentials from 1247 to 1258 mV. 
  
Cathodic Potential 
(mV) 
 
 
PEC Signal  
(mV) 
 
  As-deposited CdCl2-treated     
1247  +54 +31 
1248  +51 -16 
1249  +47 +7 
1250  +37 -120 
1251  +24 -195 
1252  +23 -39 
1253  0 -49 
1254  -28 +18 
1255  -34 +5 
1256  -52 -20 
1257  -63 +20 
1258  -78 +17 
    
 
 
Fig.  4. PEC signal of the as-deposited and CdCl2-treated samples grown at cathodic 
potentials of (a) 1200 to 1600 mV and (b) 1247 to 1258 mV.  
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3.3  X-ray Diffraction 
X-ray diffraction (XRD) was carried out using Philips PW 3710 X'pert diffractometer with 
Cu-Kα monochromator of wavelength λ=1.5416 Å. The X-ray generator tension and current 
were adjusted to 40 kV and 40 mA respectively. The XRD was carried out to identify the 
phases, crystal structure and degree of crystallinity of the ED-CdTe layers grown on 
glass/FTO substrates.  
In this work, the aim was to determine the growth voltage corresponding to stoichiometric 
CdTe layers, by observing the most intense XRD peak, within the cathodic potentials ranges 
of (1249-1257) mV. For this reason, CdTe layers were grown at different cathodic voltages 
from (1249-1257) mV and then layers were annealed with CdCl2-treatment. Then, the XRD 
patterns of the as-deposited and CdCl2-treated CdTe layers were plotted against angle (2ϴ) 
and results are shown in figures 5a and 5b respectively. In this work, all as-deposited and 
CdCl2-treated CdTe layers were shown to be polycrystalline with cubic crystal structure and 
strongly oriented along (111) plane. However, CdTe can be found in hexagonal crystal 
structures form [27]. In this reports, the most intense XRD peak was observed at cathodic 
potential of 1253 mV for as-deposited CdTe layer when XRD peak intensities were plotted 
against growth voltages (see Fig. 6).  
 
Fig.  5. XRD patterns of CdTe layers grown at cathodic voltage range of 1249 to 1257 mV 
(a) for as-deposited and (b) for annealed with CdCl2-treatment. Note that the growth duration 
for all layers was 2 hours.   
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 Fig. 6. XRD (111) peak intensity against cathodic potential for as-deposited and CdCl2-
treated CdTe layers. Note that the growth duration for all layers was 2 hours.   
Therefore, in order to identify all phases and crystal structures, XRD peaks analysis is mainly 
focused on the as-deposited CdTe layer grown at cathodic voltage of 1253 mV and then 
results were compared with the same sample after CdCl2-treatment as shown in Fig. 7 and 
Table 3. In Fig. 7, the peak intensity is plotted using log-scale against angle (2θ) aiming for 
better identification of all XRD peaks. Again, the preferentially orientation of cubic (111) 
plane can be clearly seen for both as-deposited and CdCl2-treated CdTe layers shown in Fig. 
7. The fluctuation in XRD peak intensities were observed after CdCl2-treatment at 390oC for 
10 minutes in air. The CdTe (111), CdTe (220) and CdTeO3 (111) peak intensities slightly 
reduced and slight increase in CdTe (311) peak intensity was observed. An additional peak 
observation at 2θ =15.25o after CdCl2-treatment represents the reflection from a monoclinic 
CdTeO3 (011) plane. The change in XRD peak intensities and observation of new peak can 
be attributed to the re-orientation of the grains of CdTe layers after CdCl2-treatment in the 
presence of oxygen.  
 
Fig.  7. XRD patterns of as-deposited and CdCl2-treated CdTe layer grown at 1253 mV 
plotted in semi-log scale. Note that the growth duration for the layer was 2 hours.   
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Table 3: XRD analysis of as-deposited and CdCl2-treated CdTe layers grown at cathodic 
potential of 1253 mV for 2 hours.  
 
 
Sample 
 
2θo  
 
Lattice Spacing       
D (Å) 
 
(hkl) 
 
Chemical 
Formula /Phase 
 
 OB RP OB RP 
       
 21.63 21.76 4.10 4.08 (011) TeO2 / (Orthorhombic) 
22.99 22.95 3.86 3.90 (111) CdTeO3 / (Monoclinic) 
24.01 24.02 3.70 3.70 (111) CdTe / (Cubic) 
38.98 39.74 2.31 2.26 (220) CdTe / (Cubic) 
 46.70 46.97 1.94 1.93 (311) CdTe / (Cubic) 
 
  
15.25 
 
15.20 
 
5.80 
 
5.82 
 
(011) 
 
CdTeO3 / (Monoclinic) 
21.62 21.76 4.10 4.08 (011) TeO2 / (Orthorhombic) 
22.90 22.95 3.88 3.90 (111) CdTeO3 / (Monoclinic) 
23.91 24.02 3.72 3.70 (111) CdTe / (Cubic) 
39.51 39.74 2.28 2.26 (220) CdTe / (Cubic) 
 46.63 46.97 1.94 1.9326 (311) CdTe / (Cubic) 
 
       
Note: AD = As-deposited, OB = Observed from the XRD and RP = Reported in standard 
files (CdTe (111), (220) and (311) cubic (JCPDS 01-075-2086), CdTeO3 (011) and (111) 
monoclinic (JCPDS 01-077-1906) and TeO2 (011) orthorhombic (JCPDS 01-076-0680). 
The full widths at half maximum (FWHM) and crystallite sizes were calculated for CdTe 
layers grown at cathodic potential ranges of 1249 to 1257 mV. These calculations were based 
on diffraction from CdTe (111) XRD peaks. Scherrer’s equation was used to estimate 
crystallite sizes and results are presented in figures 8a, 8b and Table 4. These results show 
that, FWHM reaches their minimum values and crystallite sizes reaches to their maximum 
values at the voltage ranges of (1250-1255) mV. Away from these growth voltages, FWHM 
gradually increases and crystallite sizes gradually decreases.  
The pronounced effects of CdCl2-treatment on crystallite sizes were observed at cathodic 
growth voltages of 1249, 1250, 1254, 1256 and 1257 mV. At other growth voltages no 
noticeable change in crystallite size was observed after CdCl2-treatment. However, the 
observation of crystallite size saturation for both as-deposited and CdCl2-treated layers can be 
due to the limitation in both XRD instrument and Scherrer’s equation.  
In this work, experimental observation showed that the most intense XRD peak was obtained 
at the cathodic potential of 1253 mV for as-deposited CdTe layer. Generally, the most intense 
XRD peaks are expected to appear close to the stoichiometric point and the deviation from 
the stoichiometric point results in reduce of crystallinity due to formation of CdTe layer 
either with Te-richness or Cd-richness. Furthermore, the presence of two phases in as-
deposited and CdCl2-treated layers reduces the crystalline nature of the ED-layers. After 
CdCl2-treatment, XRD peak intensities can fluctuate depending on the degree of 
crystallisation of the CdTe layers. When CdTe is grown at 1253 mV, with the highest 
crystallinity, there are two effects of CdCl2-treatment; further improvement of the 
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crystallinity and material loss during heat treatment. In this work, The XRD intensity of (111) 
peak shows that material loss by sublimation dominated when the materials is grown closer to 
stoichiometric voltages. 
Table 4. Variation of FWHM of the (111) XRD peak and crystallite size extracted for layers 
grown at different cathodic potentials for as-deposited and CdCl2-treated samples. Growth 
duration for each layer was 2 hours.   
Cathodic Potential 
(mV) 
 FWHM (Degrees)       Crystallite size  D (nm)  
  As-deposited CdCl2-treated  As-deposited CdCl2-treated 
 
1249 
  
0.259 
 
0.194 
  
31.2 
 
41.72 
1250  0.162 0.129  50.0 62.58 
1251  0.129 0.129  62.5 62.59 
1252  0.129 0.129  62.5 62.58 
1253  0.129 0.129  62.5 62.58 
1254  0.162 0.129  50.0 62.58 
1255  0.129 0.162  62.5 50.06 
1256  0.194 0.162  41.7 50.05 
1257  0.259 0.162  31.2 35.76 
 
 
 
Fig. 8. (a) FWHM of (111) peak against cathodic potentials for as-deposited and CdCl2-
treated CdTe layers grown between 1249 to 1257 mV. (b) Crystallite sizes against cathodic 
potentials for as-deposited and CdCl2-treated CdTe layers grown between 1249 to 1257 mV. 
Growth duration for all layers was 2 hours.   
 
3.4  Thickness Measurements 
Thickness measurements were carried out experimentally using UBM Microfocous optical 
depth profilometer (UBM, Messetecknik GmbH, Ettlingen, Germany). Faraday’s law of 
electrolysis (Thickness = MJt/nFρ) was also used to theoretically estimate the thicknesses 
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where F = 96485 C mol-1 is Faraday constant, M is the molar mass of the CdTe, ρ is the 
density of CdTe, J is the average deposition current density, t is the deposition time and n = 6 
is the number of electrons transferred for deposition of 1 mole of CdTe. The theoretical and 
experimental thickness measurements for the as-deposited CdTe layers grown at cathodic 
potential of 1253 mV are shown in Fig. 9. The results show that the growth duration and 
thickness values are directly proportional and this relationship is approximately linear. In 
addition, it should be taken into consideration that the theoretical thicknesses calculated from 
Faraday’s law of electrolysis show higher values than the experimental thicknesses. This is 
because in Faraday’s law of electrolysis, all the electronic charges are assumed to have 
contributed to the deposition of CdTe layers while in real case during deposition, some of the 
electronic charges actually participated in the electrolysis of the water especially at the 
cathodic voltage used (1253 mV). Hence the measured values are lower than the calculated 
values. 
 
Fig. 9. Theoretical and experimental thickness variation with the growth time for as- 
deposited CdTe layers grown at cathodic voltage of 1253 mV. 
 
3.5  Optical Absorption 
An optical absorption measurement of the CdTe layers was carried out using Carry 50 Scan 
UV-VIS spectrophotometer (Varian Australia Pty. Ltd.). The CdTe layers were grown on 
glass/FTO substrate at growth voltage ranges of 1249 to 1257 mV for two hours duration and 
then samples annealed with CdCl2-treatment. The bandgap values of the as-deposited and 
CdCl2-treated CdTe layers were measured by plotting the square of absorbance (A2) versus 
the photon energy (hν) and the results are shown in figures 10a and 10b. The results reveal 
that bandgap of as-deposited layers were in the range of ~1.50 to ~1.53 eV. After the CdCl2-
treatment, slight increases in absorption with corresponding improvement in the absorption 
edge were observed and bandgaps shifted towards the lower energy in the range ~1.47 to ~1.51 eV. Slight decrease bandgap after annealing with CdCl2-treatment can be attributed to 
recrystallization and increase in grain sizes. Increase in absorption helps to increase the 
number of photo-generated charge carriers in the CdTe thin films which in turn has a positive 
effect on the performance of the solar cells.  
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 Fig.  10. Optical absorption spectra for (a) as-deposited and (b) CdCl2-treated CdTe layers. 
The CdTe layers were grown at cathodic potential range from 1249 to 1257 mV.  
Fig. 11 and Table 5 show the variation of bandgap against deposition potential for as-
deposited and CdCl2-treated layers. These results indicate that the minimum values of 
bandgap were observed at cathodic potential of 1253 mV for both as-deposited and CdCl2-
treated samples. Away from this growth voltage or stoichiometric point, bandgap values 
gradually increase. Thus, the closest experimental bandgap value to the bulk bandgap value 
for CdTe [28] was observed at cathodic potential of 1253 mV. Generally, bandgap values for 
CdCl2-treated CdTe layer were lower than the as-deposited layers. The shift in bandgaps 
towards lower energy values after CdCl2-treatment indicates that more photons are available 
to be efficiently absorbed for creation of photo-generated charge carriers in CdTe thin-film. 
 
 
Fig. 11. Variation of energy bandgap with cathodic potential for as-deposited and CdCl2-
treated CdTe layers. Growth duration for all layers was 2 hours with calculated thickness of ~0.63 μm.   
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Table 5. Variation of energy bandgap with cathodic potential for as-deposited and CdCl2-
treated CdTe layers. Growth duration for each layer was 2 hours.   
Cathodic Potential 
            (mV) 
 
 
Energy Bandgap 
 (eV) 
  As-deposited CdCl2-treated     
1249  1.52 1.50 
1250  1.52 1.50 
1251  1.51 1.49 
1252  1.51 1.50 
1253  1.50 1.47 
1254  1.51 1.49 
1255  1.52 1.50 
1256  1.52 1.51 
1257  1.52 1.50 
    
In order to identify the effect of growth times and thickness of CdTe layers on the bandgap 
values, CdTe samples were grown at growth voltage of 1253 mV for different durations 
between two to six hours. Then the same samples were heat-treated with CdCl2 and the 
results of their optical absorption measurements are shown in figures 12a and 12b. From 
these figures it can be seen that as the growth time increases, the absorption also increases 
and bandgap move towards the bulk value. This can be due to increase in thickness of CdTe 
layer which in turn leads to enhancement in crystallite or grain size of the CdTe layer. Here it 
should be noted that in electrodeposition technique it is more precise to plot the bandgap 
variation against the thickness rather than growth time. The reason is, during the deposition 
of the layer, ionic concentration and current density can change. In this case if two samples 
are grown for the same duration they may not end up with the same thickness. Therefore, for 
the as-deposited CdTe layers grown at cathodic potential of 1253 mV bandgap were preferred 
to be plotted against the thicknesses rather than growth time as shown in Fig. 13 and Table 6. 
 
 
Fig. 12. Variation of optical absorption edge with growth time for (a) as-deposited and (b) 
CdCl2-treated CdTe layers. The layers were grown at cathodic potential of 1253 mV. 
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Results show that as the thickness of the as-deposited CdTe layer increases from ~0.60 μm to ~1.1 μm the bandgap reduces and remains steady for thickness higher than ~1.1 μm. The 
higher bandgap observation for lower CdTe thickness can be due to columnar growth nature 
of CdTe layer. Because at the early stage of the growth, CdTe layer does not completely 
cover the surface of glass/FTO substrate and leaves some gaps between the columnar grown 
materials. These transparent gaps can affect the bandgap measurements. In other words, 
during optical absorption measurements UV-Visible light can pass through these transparent 
gaps and as a result, the higher energy bandgaps will be obtained. 
 
From Fig. 13 and Table 6 it can be clearly seen that the bandgap values of CdCl2-treated 
layers are less than those of as-deposited layers and are close to the bulk bandgap value. It 
was interesting to see that the bandgap values of CdCl2-treated samples remain unchanged   
(~1.46 eV) within the thicknesses ranges of ~0.60 to ~1.55 μm. This shows that CdCl2-
treatment has the effect of reducing gaps between columnar grown CdTe due to increase in 
CdTe grain sizes. This observation shows that CdTe thin films with low thicknesses of about ~0.60 μm can still be used efficiently to absorb sufficient photon and in turn enhance the 
performance of solar cells based on CdTe.  
Table 6. Variation of energy bandgap with growth time and thicknesses for as-deposited and 
CdCl2-treated CdTe layers grown at 1253 mV.  
Growth 
Time 
(hours) 
 
 
Thickness 
(μm) 
 
 
Energy Bandgap 
(eV) 
    As-deposited CdCl2-treated       
2  0.59  1.54 1.46 
3  0.90  1.54 1.46 
4  1.12  1.53 1.46 
5  1.34  1.53 1.46 
6  1.54  1.53 1.46 
      
 
 
Fig. 13. Variation of energy bandgap with thickness for as-deposited and CdCl2-treated CdTe 
layers. 
17 
 
3.6  Scanning Electron Microscopy (SEM) 
SEM measurement was carried out using FEI Nova 200 NanoSEM equipment on the 
glass/FTO/ED-CdS/ED-CdTe layer grown at 1253 mV for three hours. This sample was 
divided into two parts; the first part remains as-deposited, and the second part was treated 
with CdCl2. The SEM results are shown in figures 14a and 14b. The SEM magnification used 
was 60,000 for both CdTe layers. Finally, SEM cross-section was carried out on CdTe 
sample annealed with CdCl2 with magnification of 100,000 as shown in Fig. 15. The SEM of 
as-deposited sample shows cauliflower-type CdTe clusters containing small grains. The gaps 
between clusters are visible at this magnification. The as-deposited sample contains clusters 
with sizes in the range of ~85 nm to ~110 nm. After CdCl2-treatment noticeable change in 
the cluster size is observed. This is because small clusters coalesce together and make larger 
clusters in the range of ~140 nm to ~430 nm. This shows that CdCl2-treatment is a necessary 
step for obtaining larger grains. This step will help to narrow down the gaps between grains 
and reduce the pinholes in the CdTe surface. In thin film solar cells, existence of gaps in the 
CdTe layers is detrimental due to the back metal contact reaching the front contact and 
therefore short-circuiting the device. Moreover, larger grains mean less scattering at grain 
boundaries within the CdTe and better electronic transport which can be useful in thin film 
solar cells.  
 
Fig. 14. 2D-SEM images of glass/FTO/ED-CdS/ED-CdTe layers (a) for as-deposited, (b) for 
CdCl2-treated samples.  
The SEM cross-section taken at a magnification of 100,000 reveals that CdTe layer covers 
the glass/FTO/ED-CdS uniformly, with the estimated thickness of ~470 mV. However, small 
voids can be observed in the vicinity of FTO/CdS interface. This is because during 
electrodeposition the electric fields at FTO spikes is higher than those at other points and 
therefore nucleation starts from these spikes and the grains grow upward. This can produce 
non-uniformities in CdS and CdTe layers and create some gaps or voids at the 
glass/FTO/CdS and CdS/CdTe interfaces. The voids observed could also arise due to 
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incomplete cleaning of the substrate. These voids can be treated to a certain extent by 
annealing at a suitable temperature due to grain growth.  
 
Fig. 15. SEM cross-section of CdCl2-treated glass/FTO/ED-CdS/ED-CdTe structure.  
 
3.7  Transmission Electron Microscopy (TEM) 
 
TEM images of the CdTe layers were taken using JEOL JEM 2000FX operating at 200 kV. 
Fig. 16a shows the TEM image of as-deposited CdTe layer grown at cathodic potential of 
1253 mV. The estimated thickness of as-deposited CdTe layers from TEM image is ∼780 
nm. This image shows the columnar growth of CdTe layer with small grains in the range of 
∼50 nm to ∼70 nm in diameter containing high density of lattice defects. The columnar and 
upward growth of the CdTe layer can be related to the nature of electrodeposition technique 
and substrate used. The nucleation of CdTe grains start from the FTO spikes where the 
electric field is higher than that of other points as mentioned earlier. The columnar and rough 
nature of glass/FTO substrate can be clearly seen in Fig. 16a. The observation of small grains 
in as-deposited CdTe layer can be attributed to the low-temperature growth nature of 
electrodeposition technique. 
 
Fig. 16b shows the cross-section of CdCl2-treated CdTe layers. The CdCl2-treated sample 
shows larger grains in the range of ∼70 nm to ∼200 nm in diameter with columnar structure 
and lower defect densities. The appearance of larger grains can be related to the 
recrystallisation and coalescence of the smaller grains. In other words, when CdTe layer is 
annealed in the presence of chlorine, the crystallographic reorientation takes place and 
restructuring in CdTe results in an increased grain size. The observation of bright dots at Fig. 
16b may be due to the voids created during sample preparation for TEM experiment. 
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Fig. 16. TEM images of (a) as-deposited and (b) CdCl2-treated CdTe layer deposited on 
glass/FTO/CdS substrate. 
4.0  Preliminary Device Results 
Preliminary results of the I-V observation of solar cell structures using chemical bath 
deposited (CBD) CdS; glass/FTO/CBD-CdS/ED-CdTe/Au solar cell, show promising results. 
The I-V measurements of the preliminary solar cell were carried out under dark and 
illumination condition of AM 1.5 at room temperature and the results are shown in figures 
17a and 17b. The initial solar cell parameters extracted from the I-V curve under illumination 
show open circuit voltage (Voc = 605 mV), short circuit current density (Jsc = 25.5 mAcm-2), 
fill factor (FF = 0.41) and solar cell efficiency (η = 6.3%) for small device area of 0.0314 cm2 
(2 mm diameter circular contacts). 
 
  
Fig. 17.  I-V characteristics of initial glass/FTO/CBD-CdS/CdTe/Au solar cell device (a) 
under dark and (b) under illumination conditions. 
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5.0  Conclusion 
 
In this work CdTe layers were successfully electrodeposited using 2-electrode system from 
an acidic and aqueous solution containing Cd(NO3)2.4H2O precursor. Two regions of 
deposition voltage for growing as-deposited p- and n-type CdTe layers were identified. The 
as-deposited CdTe layer was found to be stoichiometric with i-type electrical conductivity at 
the cathodic potential of 1253 mV. Deviation from this stoichiometric points towards Te-rich 
and Cd-rich regions, respectively results in p-type and n-type electrical conductivity. After 
CdCl2-treament, depending on the initial electrical conductivity type of the CdTe layer, 
doping concentration variations from p-type towards n-type, i-type towards n-type and n-type 
towards p-type have been observed. Both as-deposited and CdCl2-treated CdTe layers 
strongly show (111) preferred orientation with cubic crystal structure. Bandgap values for 
CdTe layer were strongly affected by CdCl2-treatment, showing the energy gap from ∼1.54 
eV to ∼1.46 eV. The as-deposited and CdCl2-treated CdTe layers show columnar structure 
indicating the upward CdTe grain growth during electrodeposition. Noticeable changes in 
CdTe grain size were observed after CdCl2-treatment from ~110 nm to ~430 nm. 
Preliminary solar cells fabricated using this CdTe layers showed encouraging device results. 
Work is in progress to fully optimise the growth conditions and device processing steps 
toward achieving highest possible solar cell efficiencies. 
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